Postextubation NRS Overall, 161 of 409 patients (39.4%) were placed on NRS within 48 hours of extubation, 92 of which were electively extubated to NRS. Patients electively extubated to NRS were younger, were intubated longer, had higher preextubation respiratory rate, heart rate, RSBI, PRP, PA, and lower preextubation oxygen saturation and compliance compared with those who were not extubated to NRS. Factors associated with unplanned use of NRS included shorter
Objective: Respiratory muscle weakness frequently develops during mechanical ventilation, although in children there are limited data about its prevalence and whether it is associated with extubation outcomes. We sought to identify risk factors for pediatric extubation failure, with specific attention to respiratory muscle strength. Design: Secondary analysis of prospectively collected data. Setting: Tertiary care PICU. Patients: Four hundred nine mechanically ventilated children. Interventions: Respiratory measurements using esophageal manometry and respiratory inductance plethysmography were made preextubation during airway occlusion and on continuous positive airway pressure of 5 and pressure support of 10 above positive end-expiratory pressure 5 cm H 2 O, as well as 5 and 60 minutes postextubation.
Measurements and Main Results: Thirty-four patients (8.3%) were reintubated within 48 hours of extubation. Reintubation risk factors included lower maximum airway pressure during airway occlusion (aPiMax) preextubation, longer length of ventilation, postextubation upper airway obstruction, high respiratory effort postextubation (pressure rate product, pressure time product, tension time index), and high postextubation phase angle. Nearly 35% of children had diminished respiratory muscle strength (aPiMax ≤ 30 cm H 2 O) at the time of extubation, and were nearly three times more likely to be reintubated than those with preserved strength (aPiMax > 30 cm H 2 O; 14% vs 5.5%; p = 0.006). Reintubation rates exceeded 20% when children with low aPiMax had moderately elevated effort after extubation (pressure rate product > 500), whereas children with preserved aPiMax had reintubation rates greater than 20% only when postextubation effort was very high (pressure rate product > 1,000). When children developed postextubation upper airway obstruction, reintubation rates were 47.4% for those with low aPiMax compared to 15.4% for those with preserved aPiMax (p = 0.02). Multivariable risk factors for reintubation included acute neurologic disease, lower aPiMax, postextubation upper airway obstruction, higher preextubation positive end-expiratory pressure, higher postextubation pressure rate product, and lower height. Conclusions: Neuromuscular weakness at the time of extubation was common in children and was independently associated with reintubation, particularly when postextubation effort was high. (Crit Care Med 2017; 45:e798-e805) Key Words: airway extubation; pediatrics; respiratory muscles; ventilator weaning; work of breathing E xtubation failure is associated with longer ICU length of stay and higher mortality (1) (2) (3) . Previous pediatric studies have had limited success identifying preextubation risk factors for extubation failure such as direct measures of respiratory load or effort (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . This may be because children deemed clinically ready to extubate have oftentimes resolved their respiratory disease, with low respiratory effort at extubation. Furthermore, nearly half of pediatric extubation failures are related to postextubation upper airway obstruction (UAO), which may be difficult to predict before extubation, particularly for children with uncuffed endotracheal tubes (8) .
It is becoming increasingly recognized that ventilatorinduced neuromuscular (particularly diaphragm) weakness is common among mechanically ventilated adults (22) (23) (24) and contributes to prolonged weaning, extubation failure, and higher mortality (14, 16, 22, (24) (25) (26) (27) (28) , although many of these weak patients do not fail extubation (16, 22, 25, 28, 29) . In children, the relationship between respiratory muscle strength and extubation failure is understudied but is of crucial importance given maturational changes to respiratory mechanics and diaphragm histology that occur throughout infancy.
We sought to characterize risk factors for pediatric extubation failure, with particular attention to measures of respiratory muscle strength before extubation and measures of respiratory load and effort both before and after extubation. We hypothesized that children with respiratory muscle weakness at the time of extubation would be more likely to be reintubated, particularly if they have high load or effort after extubation, such as from postextubation UAO.
METHODS
Secondary analysis of data gathered from a prospective cohort study (8, 30) , including mechanically ventilated children in the pediatric or cardiothoracic ICU at Children's Hospital Los Angeles from July 2012 to April 2015. Inclusion criteria were as follows: more than 37 weeks of gestational age to 18 years, intubated greater than or equal to 12 hours with planned extubation from 7 am to 5 pm Monday to Friday. Exclusion criteria were as follows: contraindication to an esophageal catheter or respiratory inductance plethysmography (RIP) bands. Informed consent was obtained from the parent/guardian, and the study was approved by the institutional review board (CCI-11-00210). 
Study Protocol

Postprocessing Analysis
We postprocessed all files to compute a variety of respiratory variables (Supplementary Table 1 , Supplemental Digital Content 2, http://links.lww.com/CCM/C595). We filtered artifacts and obtained breath-by-breath calculations for each variable, using the median value over a minimum of 30 calm, steady-state breaths for analysis. From esophageal pressure, we computed pressure rate product (PRP), pressure time product (PTP), inspiratory time (Ti), total respiratory cycle time (Ttot), and change in esophageal pressure (ePi). From RIP, we computed phase angle (PA). During airway occlusion, we computed maximum change in airway pressure (aPiMax) and esophageal pressure (ePiMax). Using ePiMax as well as ePi, we computed ePi/ePiMax and tension time index (TTI) on each study condition (Supplementary Table 1 , Supplemental Digital Content 2, http://links.lww.com/ CCM/C595). We calibrated RIP flow during airway occlusion, to assess for inspiratory flow limitation after extubation to characterize postextubation upper airway obstruction (UAO), as previously published (8, 31) . For analysis, we labeled patients as having UAO when inspiratory flow limitation was new after extubation with an increase in PRP of at least 50% over values before extubation on CPAP, and when they received a UAO-specific intervention such as racemic epinephrine, heliox, or corticosteroids. We further classified UAO as subglottic if an airway maneuver did not reduce PRP by at least 50% (8) .
Hardware and Software
Sensors were attached to the Bicore II device (CareFusion, Houten, The Netherlands), and data were postprocessed using a custom module we developed in Polybench (Applied Biosignals GmbH, Weener, Germany), along with a customized software module from VivoSense (Vivonetics, San Diego, CA).
Analysis
The primary outcome was reintubation within 48 hours. The secondary outcomes were prolonged use (> 48 hr) of NRS after extubation and reintubation within 7 days (for those who were on NRS for > 48 hr). We hypothesized that patients with low aPiMax or ePiMax would be more likely to fail extubation, particularly when respiratory load was high after extubation (such as from UAO or persistent respiratory disease). We stratified patients into three extubation outcome groups: reintubation within 48 hours, prolonged use of NRS, or no extubation failure. We report descriptive statistics, stratified by each of these groups using median (interquartile range [IQR]) or number (%). We analyzed continuous variables with Kruskal-Wallis analysis of variance, with multiple comparisons based on mean ranks between subgroups. We analyzed categorical variables with observed minus expected chi-square test, with pairwise multiple comparisons using chi-square or Fisher exact tests with a p value of less than 0.025 considered significant (32) . We created multivariable logistic regression models for the outcomes of reintubation and prolonged NRS. For the subgroup on NRS after extubation, we also created a multivariable model examining reintubation within 7 days. We considered variables for inclusion if they had a univariate association (p < 0.2) with the outcome measure, retaining variables that remained statistically significant (p < 0.05). For the model, we selected variables that were highly correlated with one another based on a correlation matrix (such as PRP, PTP, ePi/ePiMax, TTI) retaining the variable with the highest univariate association with the outcome, to avoid issues of collinearity. We report area under the receiver operating characteristic plot to assess discrimination and the Hosmer-Lemeshow test to assess model calibration, with a p value of greater than 0.1 considered adequately calibrated. We performed statistical analysis in Statistica 10 (Dell, Tulsa, Oklahoma) and Stata 10 (StataCorp, College Station, TX).
RESULTS
Of 1,159 eligible patients, 409 were included. Median age was 5 months (IQR, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , and approximately half were postoperative cardiac surgery. Previous publications have detailed reasons for nonenrollment (8, 30) , the most frequent of which was extubation on a night or weekend. Of the 409 patients, 34 were reintubated within 48 hours (8.3%) and 42 (10.3%) were on NRS for greater than 48 hours after extubation. Eight of these 42 patients on NRS for greater than 48 hours were subsequently reintubated (range 49-134 hr after the initial extubation). Nine patients were reintubated before the 60-minute assessment was completed. Clinicians determined extubation readiness with a SBT on CPAP alone for 367 patients (89.7%), on PS/PEEP for 39 patients (9.5%), and on a low rate for three patients (0.7%). We present descriptive statistics in Table 1 and  Supplementary Tables 2-4 (Supplemental Digital Content 2, http://links.lww.com/CCM/C595).
Reintubation by 48 Hours
There was slight age dependence to aPiMax and ePiMax, with neonates having the lowest values (Supplementary Table 5 , Supplemental Digital Content 2, http://links.lww.com/CCM/ C595). Before extubation, reintubation risk factors included lower aPiMax and longer length of ventilation. After extubation, UAO and high PRP, PTP, TTI or PA 5 or 60 minutes after extubation (all p < 0.05) were associated with reintubation. Nonsignificant trends were noted for higher preextubation PEEP, lower height, and intubation for neurologic disease (Table 1; Supplementary Tables 2-4 , Supplemental Digital Content 2, http://links.lww.com/CCM/C595).
There was a dose-response relationship between lower aPiMax and reintubation (Fig. 1A) . The reintubation rate was 14% for those with aPiMax less than or equal to 30 Table 2 ). Although aPiMax was slightly lower for neonates, the trend for lower aPiMax among those who failed extubation was consistent when stratifying by age (Supplementary Fig. 2 , Supplemental Digital Content 3, http://links.lww.com/CCM/ C596; legend, Supplemental Digital Content 2, http://links.lww. com/CCM/C595). There were no clear associations between preextubation respiratory effort (PRP, PTP, TTI) and reintubation (Supplementary Table 3 , Supplemental Digital Content 2, http://links.lww.com/CCM/C595), with preextubation respiratory effort generally close to population norms. However, after extubation, PRP, PTP, TTI, ePi/ePiMax, and PA were all associated with reintubation, with ePi/ePiMax and PRP having the highest discrimination ability (Table 2; Supplementary  Table 4 , Supplemental Digital Content 2, http://links.lww.com/ CCM/C595). There was a dose-response relationship with higher PRP after extubation and reintubation ( Supplementary  Fig. 3 , Supplemental Digital Content 4, http://links.lww.com/ CCM/C597; legend, Supplemental Digital Content 2, http:// links.lww.com/CCM/C595). The reintubation rate was 17.4% for those with PRP greater than 500 (16/92), compared to 5.7% for those with PRP less than or equal to 500 (18/317), with a univariate odds ratio of 3.5 (1.7-7.2).
The combination of high postextubation effort in a patient with diminished respiratory muscle strength imparted the highest reintubation risk (Fig. 1B) . For children with aPiMax less than or equal to 30 cm H 2 O, reintubation rates were always higher than the population average, and they accelerated as postextubation effort increased (PRP > 500). For children with aPiMax greater than 30 cm H2O, reintubation rates did not exceed the population average unless effort was very high (PRP > 1,000). Postextubation subglottic UAO was the most common reason for high respiratory effort, and when children with aPiMax less than or equal to 30 cm H 2 O had subglottic UAO after extubation, their reintubation rate was 47.4% (9/19), 5.7 times higher than the population average (34/409 [8.3%]) and three times higher than children with aPiMax greater than 30 with subglottic UAO (6/39 [15.3%] ; p = 0.02) (Fig. 1C) . Multivariable risk factors for reintubation include primary intubation for neurologic disease, lower aPiMax, postextubation UAO, higher preextubation PEEP, higher postextubation PRP, and lower height ( Table 3; height, longer length of intubation, higher preextubation respiratory rate and RSBI, lower preextubation saturation, and postextubation UAO (Supplementary 
Prolonged postextubation NRS
Univariate risk factors for prolonged NRS included genetic disorders, longer length of intubation, higher preextubation PA on PS or CPAP, faster preextubation respiratory rate, postextubation UAO, and higher PRP 5 and 60 minutes after extubation (Table 1; Supplementary  Tables 2-4 , Supplemental Digital Content 2, http://links. lww.com/CCM/C595). Nonsignificant trends were noted for lower preextubation PEEP, lower respiratory system compliance, higher preextubation RSBI, and intubation for shock. Variables that retained an independent relationship with prolonged NRS included genetic disorders, longer length of intubation, higher preextubation respiratory rate, lower preextubation PEEP, higher PA on CPAP before extubation, and postextubation UAO (Supplementary Table 7 , Supplemental Digital Content 2, http://links.lww.com/CCM/C595; discrimination: AUC, 0.815; calibration: HL p = 0.14). Planned extubation to NRS was not independently associated with reintubation 
DISCUSSION
We found that respiratory muscle weakness is a major contributor to pediatric extubation failure, with an important interaction between respiratory effort (or load) and strength. Children with preserved respiratory strength can tolerate relatively high effort after extubation, as their likelihood of reintubation only increases over the general population when effort is extremely high. In contrast, children with impaired respiratory strength are more likely to fail extubation even when effort is only moderately increased.
Ventilator-induced diaphragm dysfunction is present in up to 50% of mechanically ventilated adults and leads to impaired weaning and extubation failure (23-25, 27, 28, 33-35) . Although many adult studies use diaphragm ultrasound (23, 27, 28, 36, 37) , we used a direct measure of strength (aPiMax) and found that respiratory muscle weakness is nearly as common in children (35%). Maximum airway (aPiMax) or esophageal (ePiMax) pressure measurements during airway occlusion are regarded as gold standard measures of respiratory muscle strength in adults (38) . If maximal voluntary efforts cannot be guaranteed (14, 38-42 ), twitch stimulation of the phrenic nerve is sometimes substituted (38, 43) , although this technique may have high variability and limited reproducibility in children (44) (45) (46) (47) (48) (49) . In addition, diaphragm strength can be isolated from the intercostal muscles by using two simultaneous pressure transducers (to calculate transdiaphragmatic pressure) (38, 50) , although this is not practical for repeated use in children, and no double-balloon catheters are commercially available for infants.
Although previous studies have demonstrated inconsistent results, we found that systematic assessment of aPiMax and ePiMax is clinically relevant in children. In our protocol, a trained provider ensured that the patient was at end exhalation and that the airway remained occluded for at minimum three but most of the time five consecutive breaths (42) . We tried to minimize the effects of sedation by ensuring that the patient was as close to extubation as possible (median Glasgow Coma Scale was 11T at extubation). We reviewed recordings in real time to gauge patient effort, redoing maneuvers when necessary. We found that aPiMax had the strongest association with reintubation, with a similar trend with ePiMax. Although most argue that ePiMax is the best measure, we found more artifacts in esophageal compared with airway pressure during airway occlusion, particularly for young children (42, 51) (Supplementary Table 5 In addition, we found that many measures of respiratory system effort (PRP, PTP), strength (aPiMax), or a combination of effort, strength, or endurance (ePi/ePiMax, TTI) measured just after extubation have a similar ability to discriminate the risk of reintubation in children. ePi/ePiMax and PRP 5 minutes after extubation appear to have the strongest discrimination ability. Interestingly, TTI had lower discrimination ability than ePi/ePiMax, which was somewhat unexpected because TTI measures effort, capacity, and endurance (over time) together. This may be because the Ti/Ttot component of TTI was not associated with extubation failure (Supplementary Tables 2 and 3 , Supplemental Digital Content 2, http://links.lww.com/CCM/C595). Furthermore, although PTP is often thought of as the best measure to capture inspiratory effort (because it integrates the area under the signal), our data highlight that PRP performs equally well, if not better. This may be due to variability in the calculations, particularly when inspiratory times are short for young infants. Our respiratory cycle time measurements were based on esophageal manometry, to enable fair comparison before and after extubation. This highlights potential sources of error with PTP and TTI calculations (38) .
Other risk factors for reintubation included neurologic disease, higher PEEP, postextubation UAO, and lower height. Postextubation UAO is a surrogate for increased load (and thereby effort), so it is not surprising that it is associated with reintubation. Neurologic disease is a known risk factor for extubation failure, corroborating previous investigations (2, 7). Lower height is likely a surrogate for age or pulmonary development, reiterating that the youngest children are highest risk for reintubation. Higher PEEP at extubation likely represents persistent respiratory disease or lower airway obstruction, although it is important to note only three reintubated patients had a PEEP greater than 5 cm H 2 O, implying this may not be clinically relevant.
Interestingly, other than postextubation UAO, risk factors for prolonged use of NRS were different than risk factors for reintubation. We did not have a specific protocol for weaning NRS, so perhaps it is not surprising that high respiratory rate, genetic disorders, longer length of intubation, and thoracoabdominal asynchrony (PA) were associated with prolonged use of NRS, as clinicians may be unlikely to wean NRS aggressively on these patients. Furthermore, many of these same factors were associated with planned extubation to NRS, although our study did not demonstrate that preemptive extubation to NRS was associated with extubation outcome. Lower PEEP was also associated with prolonged NRS, with nine of the 42 patients being on a PEEP of 3 or 4 cm H 2 O, many of whom were postoperative from cardiac surgery (analysis not shown). Patients with single ventricle physiology who are status post Glenn or Fontan procedures are often on lower PEEP levels and are preferentially extubated early to NRS to promote pulmonary blood flow.
Our study has limitations. First, we performed measurements generally after patients had passed an SBT. This likely explains why effort of breathing measures did not predict extubation failure before extubation, because these patients had near-complete resolution of their respiratory disease, and as previously shown, effort of breathing during the SBT is often lower than it is after extubation (30) or even at ICU discharge (25) . Second, we obtained a snapshot of respiratory muscle strength with aPiMax and did not measure endurance. Most patients in our ICUs undergo a 2-hour SBT on CPAP, which may be a better measure of endurance, but it would be important to perform a similar study during initial SBTs, to see whether these parameters identify patients who fail the SBT. Interestingly, the change in TTI from 5 to 60 minutes after extubation, which may measure endurance, was not associated with reintubation or extubation failure (analysis not shown). Third, for analysis, we defined weakness as aPiMax less than or equal to 30 cm H 2 O for all patients, although aPiMax is lower for neonates. Furthermore, the performance of the esophageal catheter may differ or some respiratory reflexes may be more pronounced in neonates. Although aPiMax values are lower for neonates, the pattern of lower aPiMax among those who are reintubated holds across all age strata, reinforcing these methods appear to work across all age groups. Fourth, airway occlusion was for an average of five breaths, and we did not routinely do 8-10 breaths allowing exhalation, as others have done (42) to be closer to residual volume. Our measurements occurred closer to functional residual capacity (38) ; nevertheless, our findings show that low aPiMax is associated with outcome. Finally, because we did not study patients on nights and weekends, many eligible patients were not enrolled. The characteristics of the included population are similar to the population that was not enrolled, as we have detailed in previous publications (8, 30) . Furthermore, some may believe that generalizability to the general PICU is limited because nearly half of the patients were postoperative cardiac surgery. However, presence of cardiac surgery was not significant in multivariable models, implying these findings are generalizable to both cardiac and noncardiac patients. Certainly, replication of these findings in a multicenter study would be the best way to determine generalizability.
In conclusion, impaired respiratory system strength, measured by low aPiMax at the time of extubation, is a significant risk factor for reintubation in children, particularly when respiratory effort after extubation is high such as with postextubation UAO. These findings stress the importance of monitoring respiratory effort after extubation and using more aggressive UAO management or prevention strategies for patients with low preextubation aPiMax. This group with low aPiMax should be the focus of future UAO prevention or treatment studies. Future research should also focus on strategies to preserve children's respiratory system strength during mechanical ventilation.
